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Overlapping of laser beam tracks has significant influence on surface quality of laser-treated materials.
This paper examines how overlapping tracks affect heat flow, solidification microstructure and electro-
chemical behavior of laser-melt magnesium alloy. Microstructure evolution of laser-melt surface with
different overlapping rates at optimized scanning speed is investigated. Results show that solidification

microstructure changes from cellular grains to cellular-dendritic and equiaxed dendritic in the over-
lapped area when overlapping rate increases. Numerical model suggests that Marangoni convection plays
a predominate role in determining the solidification microstructure, and it increases significantly with
the overlapping rate. The effect of microstructure in-homogeneities caused by overlapping on electro-
chemical behavior has also been analyzed.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Laser processing has recently generated intense research activ-
ities on improving surface properties of materials. Previous
researchers have found that surface performance of metallic alloys,
such as wear and corrosion resistance, is enhanced remarkably due
to refined microstructure and enriched alloying elements following
rapid solidification associated with the laser processing [1-9].
Mazumder and his co-workers [4,5] have investigated effect of la-
ser-cladding technique upon the microstructure and the corrosion
resistance of treated materials, and found that corrosion properties
of the laser claddings has been improved significantly compared
with that of commercially used materials. Gray and Luan [6] have
reviewed various techniques for protective coatings on magnesium
alloys due to poor surface properties, and suggested laser process-
ing is a very promising method for Mg alloys to extend their indus-
trial applications. Audebert et al. [7] have examined the ability of
production of glassy metallic layers on Zr- and Mg-based alloys
by laser surface treatment. Man et al. [8] have suggested that laser
modification technique employed in their study is capable of
enhancing the feasibility and biocompatibility of NiTi samples used
as orthopedic implants mainly due to improved wear resistance.
Most recently, Sun et al. [9] have studied laser surface alloying to
form wear resistant layers on steel rolls with powders, and con-
cluded that the improvement in wear resistance is attributed to
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combined results of grain refining and solution strengthening
effect.

In order to apply laser techniques for large surface components
in real engineering applications, overlapping adjacent traces as a
result of multiple passes using scanning laser beam is usually nec-
essary for production of area coverage. It has long been realized
that laser beam overlapping may play a significant role in influenc-
ing the final surface properties of laser-treated materials [1-3]. Le-
wis and Schlienger [10] have considered that overlapping plays an
important role in determining quality control during laser assisted
direct metal deposition. Particularly, overlapping is important in
determining corrosion resistance due to microstructure in-homo-
geneities in the molten pool [11-16]. Liu et al. [11] have demon-
strated that overlapping results in microstructural non-
uniformity within re-heated and re-melted area, which leads to
preferred sites for corrosion development. Reitz and Rawers [12]
have observed that accelerated corrosion occurs near laser beam
overlap region, and iron element segregated near periphery of each
molten pool is responsible for accelerated corrosion in zirconium
alloys. Virtanen et al. [13] have showed that pits are initiated along
the overlapped area of laser traces after surface melting of Al-7Si
and Al-12Si cast alloys. Conde et al. [14] have reported that corro-
sion resistance of laser-melt steels depends critically on laser pro-
cessing parameters, and care must be taken in the choice of
parameters that leads to optimal properties in each material. In
our previous work, coarse structure of laser-melt AZ91D Mg alloy
is investigated in the overlapped area caused by scanning speed,
and it provides preferential site for pitting corrosion in simulated
body fluid [15,16].


http://crossmark.dyndns.org/dialog/?doi=10.1016/j.matdes.2013.05.075&domain=pdf
http://dx.doi.org/10.1016/j.matdes.2013.05.075
mailto:guan0013@e.ntu.edu.sg
http://dx.doi.org/10.1016/j.matdes.2013.05.075
http://www.sciencedirect.com/science/journal/02613069
http://www.elsevier.com/locate/matdes

Y.C. Guan et al./Materials and Design 52 (2013) 452-458 453

Laser beam

Melt pool
4_

Overlapping rate

e SSSSSN
N

Substrate

Fig. 1. Schematic diagram of laser surface melting process.

However, as of now, there has been no concentrated effort to
study the effect of laser beam overlapping on kinetics of solidifica-
tion microstructure evolution in the molten pool. The objective of
this research is to study how overlapping tracks affect heat transfer
and liquid flow, microstructure evolution as well as electrochemi-
cal behavior of laser melting AZ91D Mg alloy at optimized scan-
ning speed. The heat transport mechanism in the molten pool
was analyzed from a well-tested numerical heat transfer and fluid
flow model by DebRoy and Yang [17-19].

2. Materials and methods

The material studied was an as-cast AZ91D Mg alloy with the
following chemical composition (wt%): Al 8.97, Zn 0.78, Mn 0.31,
Si 0.023, Cu 0.002, Ni 0.0005 and Mg balance. The specimens of
20 mm by 30 mm by 3 mm were extracted from the ingot, ground
with progressively finer SiC paper (180, 400, 800, 1200, 2400 and
4000 grit), cleaned with alcohol, and then irradiated with Lumonics
JK702 Nd:YAG laser system (with wavelength of 1064 nm) under
high purity Ar gas protection. The fixed laser parameters were
power density 3.82 x 10* W/cm?, scanning speed 10 mm/s, fre-
quency 100 Hz, and pulse duration 1 ms. Overlapping rate was var-
ied from 25% to 90% during laser processing, as shown in Fig. 1.
Four specimens marked as E, F, G and H were chosen in this paper,
as the overlapping rates were 25%, 50%, 75% and 90%, respectively.
The laser was operated in a near TEMgo mode and the beam was
defocused to 1 mm in diameter (the distance between two subse-
quent tracks was around 500 pm).

Microstructural features of the specimens were studied using a
Zesis optical microscope, a JEOL 5600 LV SEM equipped with an en-
ergy-dispersive X-ray spectrometer (EDS), and JEOL 2010 TEM. The
EDS measurements provided information on the chemical compo-
sition. The electrochemical behavior of as-received and laser-irra-
diated AZ91D specimens was studied using a potentiostat/
galvanostat corrosion measurement system (EG&G model 263A)
following procedures of ASTM: G59-97(2009) for Conducting
Potentiodynamic Polarization Resistance Measurements [15]. The
specimens were immersed in the 150 ml of 3.5% NaCl solution with
a pH of 7.25. The exposed area was about 1 cm?, and a polarization

scan was carried out at a rate of 0.8 mV s~ .

3. Results

Figs. 2 and 3 indicate top view of microstructure evolution at
AZ91D Mg alloy surface before and after laser melting by SEM
and TEM, respectively. As shown in Fig. 2a, microstructure of as-re-
ceived AZ91D Mg alloy contained bulk and lamellar B-Mg;;Al;,

phase distributed non-homogeneously in a matrix of o-Mg grains.
After laser surface melting, solidification microstructure consisted
of typical cellular/dendrite structure was observed in the molten
pool, which was derived from refined o-Mg and B-Mg;,Al;> phases
according to previous study [15,16]. Coarse structure was formed
in the overlapped area along laser tracks, and the amount and size
of such structure increased significantly with the laser overlapping
rates, as shown in Fig. 2b-e. These coarse structures were further
investigated in Fig. 2 shown as the high magnification images. At
low overlapping rate, fine cellular structure with size of 2-3 pm
were observed in the overlapped area, and small solidification
cracks were also found in the microstructure, as shown in
Fig. 2b. When the overlapping rate increased from 25% to 75%, cel-
lular structure to dendrite structure transition took place near
solidification front at the periphery of each molten pool, and more
dendrite was found in the overlapped area, as shown in Fig. 2c and
d. At high overlap rate as 90%, coarse equiaxed dendrite structure
was formed, as shown in Fig. 2e.

Quantitative analyses of chemical compositions based on EDS
measurement found that with the increasing overlapping rates,
average Al concentration in the overlapped area increased from
11.5wt% to 16.7 wt%, whereas average Mg concentration de-
creased from 87.1 wt% to 82.2 wt% simultaneously. The reason
for the chemical compositions change was due to enhanced selec-
tive vaporization of alloying elements with the increasing overlap-
ping rates during laser processing [3,15,16].

Fig. 3a reveals thin plate shape of B-Mg;,Al;, phase in the as-re-
ceived surface. After laser melting, morphology of B-Mg;,Al;»
phase changed significantly to cellular/dendrite structure as well
as nano-sized particles, as shown in Fig. 3b-d. The evolution of
these structures was in agreement of SEM observations. It should
be noted that nano-sized particles were identified as B-Mg;,Al;;
precipitates according to further investigation of orientation rela-
tionship between the particles and a-Mg matrix. With the overlap-
ping rate increases, a driving force tends to make dispersions of
small crystals coarsening as a result of “quench-hold-quench”
process [1,16]. Correspondingly, tiny precipitates shrink and even-
tually vanish together, while large precipitates grow at their ex-
pense by solid-state diffusion during coarsening, leading to
cluster-shaped particles in the microstructure. On the other hand,
at 90% overlapping rate, strong selective vaporization of Mg and Al
elements occurs due to accumulated high laser energy, resulting in
Al enriched significantly in the laser-melt layer. The high density of
enlarged and gathered particles as well as increased Al concentra-
tion would increase the volume fraction of brittle B-Mg;;Al;>
phase, the melt layer also becomes increasingly brittle [20]. There-
fore, TEM result of specimen with 90% overlapping rate is missing
because it was too brittle to break into pieces during sample prep-
aration process.

Cross-section views of molten pool in the laser-melt specimens
were investigated in Figs. 4 and 5. With the increasing overlapping
rates, bottom morphology of the molten pool became flat, but melt
depth kept as nearly 150 pm for all molten pools. Small solidifica-
tion cracks were also found at low overlapping rate in the molten
pool, as shown in Fig. 4a. Further investigation was observed using
SEM. At low overlapping rate, fine cellular structure was found in
the end of previous laser trace, and needle-shape dendrite struc-
ture was formed along the laser trace, as shown in Fig. 5a and b.
Fig. 5a and b also show that few cellular/dendrite structures were
found in the non-overlapped area of the molten pool. When over-
lapping rate was increased, coarse equiaxed dendritic structures
replaced fine cellular and cellular-dendrite structure in the over-
lapped area, and the solidification microstructure in the molten
pool became much more homogenous, as shown in Fig. 5c and d.

Polarization study of as-received material and laser-melt sur-
faces with different overlapping rates was further analyzed in
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